20
Loci or QTL). Here, we present an approach and accompanying software for high-23 resolution genotype imputation in such populations using whole-genome high 24 coverage sequence data on founder individuals (~30×) and low coverage sequence 25 data on intercross individuals (~0.4×). The method is illustrated in a large F 2 pedigree 26 between lines of chickens that have been divergently selected for 40 generations for 27 the same trait (body weight at 8 weeks of age). 28
Results: Described is how hundreds of individuals were whole-genome sequenced in 29 a cost-and time-efficient manner using a Tn5-based library preparation protocol 30 optimized for this application. In total, 7.6M markers segregated in this pedigree and 31 10.0 to 13.7% were informative for imputing the founder line genotypes within the 32 F 0 -F 2 families. The genotypes imputed from low coverage sequence data were 33 consistent with the founder line genotypes estimated using SNP and microsatellite 34 markers both at individual imputed sites (92%) and across the genome of individual 35 chickens (93%). The resolution of the recombination breakpoints was high with 50% 36 being resolved within <10kb. 37
Conclusions: A method for genotype imputation from low-coverage whole-genome 38 sequencing in outbred intercrosses is described and evaluated. By applying it to an 39 outbred chicken F 2 cross it is illustrated that it provides high quality, high-resolution 40 genotypes in a time and cost efficient manner. 41 to dissect the genetic architecture of complex traits (Lynch and Walsh 1997) . When 48 produced from segregating founder populations, few of the polymorphisms at a 49 particular locus in the intercross are fully informative about its founder line origin. 50
Therefore, statistical approaches have been developed to infer line origin from 51 markers that segregate in the founder lines, e.g. (Haley et al. 1994; Crooks et al. 52 2011) . The accuracy of the statistically inferred line-origin genotypes across the 53 genome improves as the informativity and density of the genotyped markers increase 54 (Haley et al. 1994) . Nonetheless, genome-wide genotype inferences based on a few 55 hundred markers limits the ability to capture individual recombination events. New 56 genotyping strategies based on genome re-sequencing have been proposed and 57 illustrated to deliver cost-efficient high-coverage genotyping to facilitate greater 58 precision in estimation of the recombination events (Huang et al. 2009; Xie et al. 59 2010; Rowan et al. 2015; Campbell et al. 2018 ). These approaches were, however, 60 developed for genotyping crosses between inbred lines. Further development to make 61 them useful also in crosses between outbred lines would be of great benefit to, for 62 example, researchers studying intercross populations from outbred lines of domestic 63 animals and plants. 64 65 Here, we describe a cost-and time-efficient whole-genome, low-coverage sequencing 66 approach to obtain genome-wide, high-density, and highly informative genotypes for 67 studies of intercrosses between outbred founder lines. The properties of our method 68 were illustrated by re-genotyping an F 2 intercross (Jacobsson et al. 2005; Wahlberg et 69 al. 2009 ) between the divergently selected body-weight Virginia lines (Dunnington 70 and Siegel 1996; Márquez et al. 2010; Dunnington et al. 2013) . Results demonstrate 71 that this method delivered high-density and high-quality genome-wide genotypes 72 where crossover events were identified with greater resolution and at a lower cost 73 than that of reduced representation approaches based on a few hundred selected and 74 individually genotyped genetic markers. 75
76

RESULTS
78
A new method and software for genotype imputation from whole-genome low-79 coverage sequence data 80
We developed a method ( Figure 1 
pedigree. For the intercross individuals, a high-throughput optimized version of a 90
cost-efficient Tn5-based library preparation protocol originally developed by (Picelli, 91 Björklund, Reinius, Sagasser, Winberg, and Sandberg 2014) is used. The founders 92 from the divergent lines are sequenced to deep coverage and intercross individuals to 93 low coverage. All SNPs segregating in the pedigree are identified using the founder 94 sequences. Sequence reads on the intercross individuals are used to infer the 95 chromosomal segments inherited from the founders using a modified version of a 96 6 method originally developed for imputing genotypes from sequence data obtained on 97 inbred crosses (Rowan et al. 2015) . 98
99
The properties of the proposed genotyping approach were illustrated by analyzing 100 data generated for an F 2 population bred from the Virginia high (HWS) and low 101 (LWS) body weight lines. 102 103
Genome coverage by within full-sib family informative markers 104
In total, 7,608,483 SNPs were detected among the founders contributing to the 105 evaluated F 2 individuals (n HWS = 27 and n LWS = 29) using the high coverage (~30×) 106 individual sequence data. There were 213,946 markers fixed between the two founder 107 lines and these were unevenly distributed across the genome ( Figure S2 
Quality of imputed genotypes 142
The quality of the imputed genotypes was assessed using the 728 individuals that 143 passed our quality control and had genotype probabilities estimated from SNP and 144 microsatellite data (Wahlberg et al. 2009 ). Overall, the genotypes for the evaluated 145 non-overlapping 1 Mb bins were consistent for the two methods, both per bin in the 146 population (on average 0.92 agreement; Figure 3A ) and across the genome per 147 individual (on average 0.93 agreement; Figure 3B ). 148 149 9
There was more variation in the accuracies per bin ( Figure 3A ) than per individual 150 ( Figure 3B ). We evaluated if this could be because of differences in coverage among 151 regions. First, the 14 individuals filtered out due to low average WFMrk coverage (<5 152 markers/Mb) were evaluated. For these, the sequence coverage ranged from 0.02-153 0.05×, and corresponding SNP densities were between 1.5-3.9 markers/Mb. Overall, 154 the accuracies of the imputed genotypes were low in these individuals both per bin 155 (0.38) and per individual (0.39). Next, the 789 F 2 individuals passing our SNP 156 coverage cutoff (> 5 markers/Mb) were evaluated. For these, the sequence coverage 157 ranged from 0.03-0.86×, with corresponding SNP densities between 5.9-605.0 158 markers/Mb ( Figure S3 ). There was, however, little effect of differences in coverage 159 on imputation accuracy ( Figure S3 ). Here, we describe a cost-efficient genotype imputation strategy from low-coverage 202 whole-genome sequence data for experimental crosses between outbred founder lines. 203
The founders of the pedigree were sequenced to a high coverage using standard 204 approaches followed by a low cost whole genome sequencing protocol to facilitate 205 low coverage sequencing of hundreds of intercross individuals (<10 €/individual 206 including library preparation and sequencing). This is less than the cost of genotyping 207 a few hundred individual SNP markers with existing strategies, even when accounting 208 for the cost of high-coverage sequencing of the large (n = 56) number of founder birds 209 in our pedigree. By utilizing pedigree information, genotypes can be efficiently 210 imputed using strategies and statistical approaches previously developed for 211 recombinant inbred populations (Huang et al. 2009 , Rowan et al. 2015 . In addition to 212 decreasing the cost, there is a massive increase in marker density from a few hundred 213 to several hundred thousand sites with imputed genotypes across the genome. In our 214 dataset, 50% of the recombination breakpoints could be resolved to within 10 kb. 215
Ultimately, this should enhance the development of linkage maps and increase 216 resolution in linkage and QTL mapping. The resolution is, however, less than that 217 achieved with inbred populations (Rowan et al. 2015) where individual recombination 218 breakpoints in > 90% of the cases were resolved down to 2 kb resolution even at even 219 lower sequence coverage (0.1×). This difference in resolution is most likely because 220 of the smaller number of available founder line informative markers due to the 221 genomic similarity of our intercross, which was founded from the same base 222 13 population 40 generations prior to the intercrossing. Resolution could be increased by 223 deeper sequencing, as only 22.4% of the markers were covered by reads at the current 224 sequence depth, although several regions in the genome had a low number of 225 informative markers, thus making it difficult to resolve even at higher sequencing 226 coverage (Figure 2A) . The genetic divergence between the outbred founder populations used to breed the 263 studied intercross needs to be considered when deciding how deep to sequence them 264 in order to reveal sufficient number of markers for genotype imputations. Here, the 265 founders were from two selection lines obtained by 40 generations of divergent 266 selection from the same base population. Due to the lower expected genomic 267 divergence between these lines (Figure 1 ; Figure S1 ) than in crosses between, for 268 example, wild and domestic populations, we opted for a high (~30×) coverage in this 269 study to identify most of the SNPs segregating in the populations. We found that 270 0.03% of all identified SNPs were completely fixed for alternative alleles between the 271 two founder lines and that 10.0-13.7% were fixed between the two pairs of F 0 272 individuals used to breed each F 0 -F 2 family. In populations where there is greater 273 divergence between the founder populations, more markers will be informative. 274
Maintaining this high sequence coverage of the founders is recommended as it will 275 benefit both imputation accuracy as well as resolution of the recombination 276 breakpoints by revealing more of the available informative markers. In pedigrees where the founder populations are highly divergent, an alternative 289 strategy for genotyping can be considered if it is desirable to minimize genotyping 290 costs. Rather than sequencing individual founders to high coverage, we suggest 291 pooling the libraries from the individual founders of each population and sequence the 292 two pools to high coverage (~30×) to identify markers that are fixed (or nearly so) 293 between the populations. In our F 2 population, employing this strategy would have 294 reduced the number of SNPs useful for genotype imputation from 840,160 to 213,946. 295 This number of genome-wide markers is sufficient for high-quality genotype 296 imputation, but the uneven distribution of the divergently fixed markers in the 297 genome would challenge the approach in some poorly covered regions ( Figure S1 ). 298
Our population is, however, likely represents an extreme case in this respect as the 299 intercrossed lines are closely related and the number of founders is large. Despite this, 300 the imputed genotypes based on these markers were of sufficient high quality in bins 301 that are linked throughout the genome to facilitate efficient QTL mapping in the 302 population (data not shown). When designing and genotyping an outbred intercross 303 populations, many factors need to be considered. In this respect, it is worthwhile to 304 note that while this pooled founder sequencing approach will be more efficient in 305 populations where fewer and/or more distantly related founders are used, it is still 306 likely to be sufficient for the purpose of building high-quality linkage maps and 307 performing genome-wide QTL analyses even in populations with many founders from 308 more closely related lines. 309 310 A common reduced representation genotyping strategy for intercross populations bred 311 from divergent populations is to select a few hundred markers, that are either fixed for 312 alternative alleles or segregating at highly divergent frequencies in the founders, for 313 genotyping in the entire pedigree (Wahlberg et al. 2009 ). Selection of markers then 314 requires prior information on which markers are polymorphic and informative for the 315 differences between the populations. In contrast, our strategy is time effective, 316 because no preselection of markers for genotyping is needed and facilitates a more 317 complete exploration of the genome, as markers will be scored across all assembled 318 regions and not only on the major chromosomes, scaffolds, or contigs. 319 320
Conclusions 321
In summary, a method for genotype imputation from low-coverage genome 322 sequencing in outbred intercrosses is described and evaluated. The results obtained 323 from applying it to an outbred chicken F 2 cross illustrate how it provides high quality, 324 high-resolution genotypes in a time and cost efficient manner. Carlborg 2018) were prepared followed by sequencing of the individuals from the two 332 founder populations of the pedigree to high coverage for SNP calling (here 30×) and 333 individual intercross individuals to low-coverage (here ~0.4-0.8×). Genotypes for the 334 intercross individuals were then inferred separately within each F 0 -F 2 family: First, 335 markers fixed for alternative alleles in the parents from the two founder populations 336 were identified using the SNP calls from the high-coverage sequence data. Then, 337 within-family offspring genotypes were inferred from low-coverage sequence data 338 using the approach developed for inbred intercross populations (Rowan et al. 2015) . For each of these families, unique sets of SNPs were identified including those that 408 were fixed for alternative alleles between the two F 0 founders from HWS and the two 409 The distribution of all the SNPs used to impute the F 2 genotypes across the genome, 419 as well as the distribution of the average number of SNPs that were informative in 420 21 each F 2 full-sib family, were summarized in relation to the genetic map used for a 421 previous analyses of this chicken population (Wahlberg et al. 2009 genotypes were filtered to remove double recombination events closer than 3 Mb as 431 biologically these would be considered most unlikely. 432 433 Sample mix-ups, DNA contaminations, and pedigree errors in the data will lead to 434 inaccurate genotype imputation. These errors will increase the number of inferred 435 genome-wide crossover events in affected individuals. To filter out such individuals, 436 we deleted samples where the genome-wide genotype call rate decreased to <90% 437 after removing short (<3 Mb) double recombination events from the data. An 438 alternative approach would be to remove individuals that were outliers in the 439 distribution of genome-wide recombination events inferred in the genome using 440 TIGER (Rowan et al. 2015) , which would lead to a very similar final set of 441 individuals ( Figure S1 ). 442
443
The quality of the imputed line origin genotypes from the low-coverage whole-444 genome sequence data across chromosomes 1-24 were evaluated by comparing them 445
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